Indoor dust was collected from house, office, dorm, public microenvironments (PME).
Introduction
Organophosphorus flame retardants (OPFRs) and phthalate esters (PAEs) were widely used as flame retardants and plasticizers in many household products, including upholstery materials, polyurethane foam (PUF) furniture, polyvinyl chloride (PVC) materials, and personal care products (Rudel et al., 2003; Van der Veen and de Boer, 2012; Brandsma et al., 2013) . OPFRs are used as substitutes of polybrominated diphenyl ethers (PBDEs). The global market demand for OPFRs was reported to be 150,000 metric tons in 2010 (Ou, 2011) . In China, the demands for OPFRs were expected to increase 15% annually due to its rapid economical development (Ou, 2011) . In addition to OPFRs, the global production of plasticizers was~3.5 million tons a year with more than 80% of plasticizers being PAEs (Kubwabo et al., 2013) .
OPFRs and PAEs can be released into the environment through volatilization and abrasion during daily use of these household products, and they are frequently detected in indoor dust with high concentrations (Clausen et al., 2003; Stapleton et al., 2009; Takigami et al., 2009; Van den Eede et al., 2011) . Information on PBDEs in indoor dust is substantial for many microenvironments, e.g., houses (Yu et al., 2012) , offices (Cao et al., 2014a) , or hotels (Cao et al., 2014b) , while the data about occurrence and composition profiles of OPFRs and PAEs in indoor dust from various microenvironments are rather limited.
It has been indicated that indoor dust play a significant role in human exposure to OPFRs and PAEs due to incidental dust ingestion and high levels of OPFRs and PAEs in indoor dust (Mercier et al., 2011) . This is especially important for young children, who have much higher frequency of hand-mouth behavior than adults. Mounting evidence showed that total concentrations of contaminants may overestimate the risk through ingestion (Ehlers and Luthy, 2003) . Thus, accurate estimation of OPFR/PAE exposure through dust ingestion needs to measure their bioavailability, i.e., the fraction of OPFRs/PAEs which are absorbed into circulation system. In vivo test can be used to measure bioavailability (Rostami and Juhasz, 2011) , but these approaches are ethically challenging, expensive and time consuming. Therefore, simple in vitro methods, which measure the fraction of contaminants that is mobilized in gastrointestinal (GI) solution and is potentially available for uptake into systemic circulation (i.e., bioaccessibility), have been developed (Rodriguez et al., 1999; Ruby et al., 2002; Van de Wiele et al., 2004) . So far, limited studies have investigated the bioaccessibility of organic contaminants in indoor dust, including organochlorine pesticides (Wang et al., 2013a) and PBDEs (Yu et al., 2012) . However, information about bioaccessibility of OPFRs and PAEs has rarely been reported.
Therefore, the objectives of this study were (1) to investigate the levels of OPFRs and PAEs in indoor dust collected from different microenvironments; (2) to measure bioaccessibility of OPFRs and PAEs in indoor dust using the physiologically based extraction test (PBET), which is one of the most used in vitro methods for organic contaminants (Rostami and Juhasz, 2011); and (3) to estimate the human health risks associated with indoor dust ingestion based on both total and bioaccessible OPFRs/PAEs.
Materials and methods

Chemicals and reagents
Four OPFRs and five PAEs were investigated, including tris(2-chloroethyl) phosphate (TCEP), tris(2-chloroisopropyl) phosphate (TCPP), tris(1,3-dichloro-2-propyl) phosphate (TDCPP), and triphenyl phosphate (TPP) for OPFRs, and dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP), butyl benzyl phthalate (BBP) and di-2-ethylhexyl phthalate (DEHP) for PAEs. Since one of the main aims of this study is to assess the health risk on the basis of OPFR/PAE bioaccessibility, the selection of these target contaminants is mainly based on their toxicity. For example, the four OPFRs were demonstrated to be neurotoxic, potentially carcinogenic, and endocrine disrupting (e.g., reducing the human semen quality) (Abdallah and Covaci, 2014; Meeker and Stapleton, 2010) . Meanwhile, the five PAEs in the current study have been classified by U.S. EPA as the priority pollutants due to their endocrine disrupting effects (Sun et al., 2015) . The detailed physicochemical properties of all the OPFRs and PAEs are listed in supporting information as Table S1 . Standards of the chemicals were purchased from Aladdin Industrial Corporation (Shanghai, China) and J&K Scientific (Shanghai, China) with purity > 98%. All solvents and chemicals were of HPLC or analytical grade. Stock solutions were prepared in methanol at concentrations of 100e1000 mg L À1 for each compound.
Indoor dust sampling
Indoor dust samples were collected between January 2014 and March 2015 from different microenvironments in Nanjing, China. The office (n ¼ 12) and public microenvironments (PME, n ¼ 7) (3 public laboratories, 1 classroom, 1 lobby, 1 hotel, and 1 supermarket) were collected from different districts in Nanjing. The dust samples were collected from air-conditioner filters (AC dust), which reflects both the indoor air quality and the properties of indoor dust. Therefore, dust samples from AC filters were collected to examine the potential health concerns for people who are working there. In addition, dust samples were collected from 6 houses in Nanjing, and 8 dorms at Nanjing University. Those samples were collected from surface of floor and furniture using a brush (surface dust), which was cleaned by water between samples to avoid cross contamination. Surface dust samples were collected from the houses and dorms since there was insufficient amount of dust on the AC filter. It is expected that young children are probably exposed more to surface dust since they often play on the floor at home while both children and adults are exposed to AC dust, which are suspended in the air.
All the samples were freeze-dried, and sieved through nylon sieve to collect particles less than 150 mm. The dust samples were then stored in aluminum foil at À20 C until analysis. Total organic carbon (TOC) contents in dust were characterized by element analyzer (vario TOC select, Elementar, Germany) after carbonate carbon was removed by dissolving dust in 0.5 M HCl. The particle size of dust samples was measured by particle size analyzer (Malvern Instruments Ltd. USA) with wet method (dispersion in water).
Total concentrations of OPFRs and PAEs in indoor dust
Total concentrations of OPFRs and PAEs in dust were extracted based on Guo and Kannan (2011) with slight modifications. Before extraction, dust sample was spiked with deuterated tributyl phosphate (purity ¼ 98e99%, Cambridge Isotope Laboratories, USA) as surrogate to monitor the extraction recovery. An aliquot of dust sample (~0.2 g) was extracted with 20 mL n-hexane in ultrasonic bath (SCOENTZ, SB-800 DTD, China) for 30 min three consecutive times. The extracts were collected after centrifugation at 3000 rpm for 5 min, and filtrated through anhydrous sodium sulfate for dehydration into 150 mL flask bottle. The combined extract was concentrated to near dryness by rotatory evaporator (IKA ® RV10, Germany), and then reconstituted in 2 mL n-hexane, which was transferred to 2 mL amber vials through 0.45 mm PTFE filter (ANPEL, China) and stored at À20 C until analysis. Triplicates were used for each dust sample, and procedural blank was also included.
Bioaccessibility of OPFRs and PAEs in indoor dust
Bioaccessibility of OPFRs and PAEs in dust samples were measured by PBET according to Ruby et al. (2002) and Tilston et al. (2011) . Briefly,~0.2 g dust sample was added into 20 mL gastric fluid at pH ¼ 2.5, and the solution was shaken at 37 C in an incubator (HZP-250, China) at 150 rpm. After 1 h, the solution was changed to intestinal fluid by adjusting pH to 7 and adding 0.035 g bile salts as well as 0.01 g pancreatin. Subtle changes of pH values were observed after incubation with values of 3.1 and 7.1 for gastric and intestinal solution. After shaking for 4 h at 37 C at 150 rpm, the mixture was centrifuged at 3000 rpm for 5 min. An aliquot of 10 mL supernatant was extracted with 10 mL n-hexane three times in an ultrasonic bath for 30 min. The extracts were dehydrated and combined into 150 mL flask bottle by filtration with anhydrous sodium sulfate. The combined extracts were concentrated to near dryness by rotatory evaporator, and reconstituted in 2 mL n-hexane. The final extract was filtered through 0.45 mm PTFE filter into 2 mL amber vial for analysis. The bioaccessibility of OPFRs and PAEs was calculated based on the following equation:
The values of average daily dose (ADD) of OPFRs and PAEs in the dust samples through non-dietary ingestion was determined according to the following equation (Abdallah and Covaci, 2014) :
where C H, C O, and C P represents OPFR and PAE concentrations in house, office and PME dust (mg g À1 ), respectively. IngR is the ingestion rate of indoor dust (g d À1 ), which are 0.11 and 0.2 g d À1 for
adults and infants (Kang et al., 2012) . F is the fraction of time per day spent at indoor environment. According to Abdallah and Covaci (2014) , it is 0.86 for house and 0.05 for PME for infants and it is 0.64 for house, 0.22 for office, and 0.05 for PME for adults. BW refers to the body weight (kg), which are 61.5 kg and 5 kg for adults and infants (Wang et al., 2013a) . Bioaccessibility of OPFRs and PAEs were also taken into consideration for non-dietary ingestion exposure:
Chemical analysis
The analysis of OPFRs and PAEs were conducted on gas chromatography (Agilent Technologies, 7890A) coupled with mass spectrometry under electron ionization (EI) mode(Agilent Technologies, 5977A) (GCeMS) in selective ion-monitoring mode. Temperatures of the injector and ion source were at 280 C, and analyte separation was achieved using a TR-5MS column , and finally ramped to 270 C at 4 C min
À1
. Ions m/z 63, 249, and 205 were monitored for TCEP, 98.99, 125.01, 277 and 116.95 for TCPP, 75, 98.98 and 190.95 for TDCPP, and 65.04, 77.04, and 325 .04 for TPP. For PAEs, oven temperature was initially set at 70 C for 2 min, ramped to 135 C at 10 C min
, further ramped to 160 C at 3 C min
, to 175 C at 1 C min
, to 195 C at 3 C min À1 , and finally ramped to 300 C at 10 C min À1 and held for 10 min.
Ions m/z 163, 72, and 92 were monitored for DMP, 149, 177, and 105 for DEP, 149, 84, 76 and 223 for DBP, 149, 91, and 206 for BBP, and 149, 167, and 279 for DEHP.
QA/QC
To minimize cross contamination, only glass was used for sample extraction, storage, and analysis. Prior to use, the glassware was scrupulously washed and baked at 450 C for 4 h. Procedural blanks and solvent blanks were included for quality control, and solvent blanks were analyzed every 8 samples on GCeMS. There was no OPFRs detected in blanks, and DEP, DBP and DEHP were detected in procedural blanks, with average concentrations of 3.09, 16.9, and 64.4 mg L
À1
, which were subtracted from sample concentrations for quantification. The instrumental limitations of detection (LOD) were calculated as three times background noise level (S/N ! 3) by running 7 solvent blank. The LODs were 14.5, 10.3, 3.0, 11.2 and 13.4 mg kg À1 for DMP, DEP, DBP, BBP and DEHP, respectively, and were 2.9, 0.7, 2.0 and 1.7 mg kg À1 for TCEP, TCPP, TDCPP and TPP, respectively. The recovery efficiencies monitored by deuterated tributyl phosphate were 98.2 ± 8.15% and 84.9 ± 14.1% for dust extraction and supernatant extraction after PBET digestion. attributed to its wide application in domestic appliances, with the annual global production volume of DEHP being~2 million tons (Halden, 2010) . In addition, its relatively low vapor pressure of 1.0EÀ07 mmHg compared to those of more volatile DMP and DEP at 2.0EÀ03 and 1.0EÀ03 mmHg is also a factor (Kang et al., 2012 (Wang et al., 2013b) and Germany at 508 mg g À1 (Becker et al., 2004) . Besides DEHP, DBP was the greatest contributor of PAEs in indoor dust at 2.96e1070 mg g
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À1
(median ¼ 29.1 mg g À1 ). This was consistent with previous studies, since DBP is extensively used in personal care products such as pharmaceutical coatings and cosmetics (Gevao et al., 2013) .
Variations of OPFR and PAE occurrence in different microenvironments
The SOPFR concentrations were in the order of dorm
<PMEs (11.6 mg g
À1
). The OPFRs in dorm dust were significantly (p < 0.001) lower than those in the other three microenvironments, while no significant difference (p ¼ 0.218) was observed for office, PMEs, and house based on ANOVA analysis (Table 2) . Few study reported the OPFR levels in PMEs (e.g., supermarkets), the SOPFR concentrations in PMEs in the current study was much higher than those in PME dust from Egypt (11.6 mg g À1 vs 1.47 mg g À1 ). The lower
OPFRs level in Egypt can be explained by the lack of regulations against PBDEs in this country (Abdallah and Covaci, 2014) . The SOPFR concentrations in dorm dust was lower than that from Beijing (0.30 mg g À1 vs 3 mg g À1 ) (Cao et al., 2014b) . This was because there was no computer or electronics in the dorms of the current study, but four computers were in the dorms in Cao et al. (2014b) . The lower OPFR level in dorm dust can be attributed to the fact that dorms are often come with simple furniture and electronics compared with houses and offices, since polyurethane foam furniture (PUF), upholstery and electronics are the main sources for OPFRs in the environment (CEFIC, 2011) . To test the hypothesis, we studied the correlation between OPFR concentrations and the number of PUF and electronics in each sampling place (The detailed description for the PUF and electronics can be found in Table S2 ). A significant (p < 0.01) but moderate correlation (r ¼ 0.53) was observed ( Fig. S3) , indicating lower OPFRs in dorm dust can be attributed to the less furnishing and electronics. Fig. 1 illustrates the OPFR profiles in different microenvironments. Chlorinated OPFRs (i.e., TCEP, TCPP, and TDCPP) accounted for the majority of OPFRs in houses, offices and PMEs accounting for 95, 86, and 95%, respectively, while they accounted only 54% in the dorm dust (Fig. 1) , which was also observed by Cao et al. (2014b) . Chlorinated OPFRs are mainly used as flame retardants in flexible and rigid PUF, which are widely used in upholstery and furniture (such as sofa or couch, Van der Veen and de Boer, 2012). Therefore, it is reasonable that chlorinated OPFRs level in dorm dust was lower than those in house, office, and PMEs where more PUF furniture and upholstery were used. Table S2 where it has the largest number of PUF and electronics (16 pieces in total) among all the houses. Therefore, the high level of TDCPP can be explained by the large number of PUF and electronics, which are the main sources for TDCPP. (Table 3) . Since DEHP contributed the largest proportion (>70%, Fig. 1 ) in all the four types of dust, the lower level of PAEs in dorm dust can be attributed to the fact that significantly (p < 0.05) lower concentrations of DEHP were observed in dorms if compared with those in PMEs, offices, and houses. Polyvinyl chloride (PVC) materials are reported to be the important source for high molecular weight PAEs, such as DEHP and butyl benzyl phthalate (Philippat et al., 2015) , in indoor dust, and a significant positive correlation between DEHP concentration and the area of floor containing PVC was observed (Kim et al., 2013) . Therefore, the lower PAE levels in dorm dust was probably due to its less use of PVC-containing upholstery. In contrast to DEHP, level of DBP, as the second contributor to PAEs here, in dorm dust was not significantly (p > 0.05) lower than those in the other three types of dust. Since DBP in dust mainly comes from personal care products instead of upholstery containing PVC (Philippat et al., 2015) , the relatively less decoration in dorm may have less pronounced effect on DBP distribution if compared with DEHP, which can partly explain why DEHP in dorm dust was significantly lower than that in the other three types of dust, but not was the case for DBP. However, in order to better understand the influential factor on DBP distribution, the information about personal care product density in each sampling microenvironment should be paid more attention in the future studies.
It should be noted that the lower levels of OPFRs and PAEs in dorm dust may also be due to the different sampling methods. In the current study, dorm and house samples were surface dust (i.e., settled dust), while those from office and PME were AC dust. AC filters usually retain smaller particles from the air, while surface dust are often larger in sizes (Kang et al., 2012; Cequier et al., 2014) . For example, the average diameter of AC dust was smaller than that of surface dust (22 vs 45 mm, Fig. S4 ). Since smaller particles with larger surface area have stronger binding capacity toward organic contaminants (Lewis et al., 1999) , lower levels of OPFRs and PAEs in surface dust are expected. Meanwhile, the release of contaminants from AC filter might increase the contamination levels in office and PME dust. While another possibility is the less clean frequency of air conditioner if compared with floor or furniture surface, which may induce more accumulation of contaminants in AC filter dust (Yu et al., 2013) . However, the less use of electronics and upholstery was still the main reason for lower OPFRs and PAEs in dorm dust. This was because the OPFR/PAE levels in house dust showed no statistical difference from those in dust from office or PME.
Bioaccessibility of OPFRs and PAEs in indoor dust samples
The bioaccessibility of OPFRs in indoor dust is shown in Fig. 2 . The mean bioaccessibility was 54, 55, 20, and 8.2% for TCEP, TCPP, TDCPP, and TPP, respectively. They were much lower than those reported in Fang and Stapleton (2014) , which are averaging at 80%. It is not surprising that bioaccessibility was lower in the current study, because Tenax was included in gastrointestinal (GI) solution to maintain a concentration gradient and induce more mobilization of OPFRs into GI solution in Fang and Stapleton (2014) . To test this hypothesis, we added the same amount of Tenax (2.5 g) as Fang and Stapleton (2014) into GI solution to measure the OPFR bioaccessibility in one dust sample. OPFR bioaccessibility increased from 52, 56, 7.2, and 3.4% to 72, 89, 49, and 46%, respectively (Fig. S5) . However, the feasibility of using Tenax to improve in vitro method still needs to be validated with in vivo results. Therefore, the OPFR bioaccessibility measured using PBET without Tenax was used in the risk assessment. For PAEs, the mean bioaccessibility decreased in the order of DMP (81.1%) > BBP (4.96%) > DBP (3.06%) > DEHP (1.21%) (Fig. 2) . DEP was excluded since DEP concentrations in most dust samples were around the detection limit, and analytical uncertainty due to the low concentrations induced large variation in bioaccessibility result. So far, the bioaccessibility of PAEs in dust has been investigated in only a few studies (Kang et al., 2012; Wang et al., 2013b) . The mean bioaccessibility of DBP, BBP, and DEHP in the current study was lower than that in Kang et al. (2012) and Wang et al. (2013b) , where the mean bioaccessibility values of DBP, BBP, and DEHP were 15%, 13%, and 10.2%, respectively. The higher bioaccessibility was attributed to the higher bile level they used in the intestinal solution of PBET assay (5.0 vs 1.8 g L À1 ). The bile can form micelles, thereby increasing the solubility of organic contaminants in GI solution. To test this hypothesis, we modified the PBET assay by adding different amounts of bile (1.8, 5, 7.5, and 10 g L À1 ) into the intestinal solution using one dust sample. Bioaccessibility of DBP, BBP, and DEHP increased from 1.5 to 5% to 13e25% with the increase of bile contents (Fig. S6) . Furthermore, extending the intestinal incubation time may also increase the contaminant bioaccessibility (Tilston et al., 2011) , even though it typically takes 3e5 h for chyme to be digested in small intestine (Rostami and Juhasz, 2011) . However, it does not mean that it would be better if more bile or longer incubation was adopted for in intestinal phase, and the ability of in vitro assay to predict contaminant bioavailability needs to be validated with in vivo animal tests. In addition, the OPFR/PAE bioaccessibility was compared among dust samples collected from different microenvironments ( Table 4) . The bioaccessibility were comparable among all the four microenvironments for the less hydrophobic compounds (i.e., DMP, DBP, and TCPP). While for the more hydrophobic compounds (i.e., DEHP and TPP), their bioaccessibility in dorm dust (DEHP: 5.3% and TPP: 14%) were higher than those in house (DEHP: 1.1% and TPP: 7.5%), office (DEHP: 0.5% and TPP: 7.2%) and PME (DEHP: 0.8% and TPP: 8.0%). The difference can be attributed to different TOC contents in the dust. Average TOC content in dorm dust (5.5%) was much lower than those in home, office and PME (about 16%, Table 4 ). Evidence showed that TOC is positively correlated with binding strength of hydrophobic organic compounds for soil or dust, and the sorption hinders their release into GI solution (Pu et al., 2006; Yu et al., 2012) . Consequently, the mobilization of DEHP and TPP from dorm dust was relatively easier than that from other dust, resulting in higher bioaccessibility in dorm dust. While for those OPFRs and PAEs with less hydrophobicity, the effect of TOC on bioaccessibility can be offset to some extent by their relatively easy mobilization into GI solution due to their relatively higher solubility.
Human exposure risk assessment
For OPFRs, all targeted compounds (TCEP, TCPP, TDCPP and TPP) were estimated for exposure risk due to their comparable levels. For PAEs, only the most dominant compound DEHP was selected for human exposure assessment. The ADD ingest estimation used average and maximum concentrations of OPFRs and DEHP in dust samples from different environments (Equation (2)). Table 5 . However, when bioaccessibility was considered, i.e., the mean bioaccessibility for DEHP is 1.21%, no ADD ingest values of DEHP were higher than the RfD (Table 5 ), indicating that DEHP intake through dust may be overestimated if only based on total concentrations. As we mentioned earlier, our DEHP bioaccessibility value is much lower than that in previous study (1.21% vs 10.2%, Kang et al., 2012) . The ADD ingest for infants (i.e., 2508 and 6381 ng kg À1 d
À1
) were still lower than the RfD even with the higher bioaccessibility value of DEHP (10.2%). However, in the future study, the in vitro methods for bioaccessibility measurement need to be validated with in vivo tests to accurately estimate the exposure risk.
When compared with in vivo bioavailability, in vitro methods only focus on the contaminant mobilization from dust to gastrointestinal solution, without considering the uptake and metabolism of dissolved contaminants by intestinal cells (Rostami and Juhasz, 2011) . It can be expected that some of OPFRs and PAEs may be metabolized during the uptake process by intestinal cells, since previous studies have reported the metabolism of flame retardants by human liver microsomes (Su et al., 2014) and chicken embryonic hepatocyte (Ballesteros-G omez et al., 2015) . The metabolism can induce variation between in vitro and in vivo results, and consequently risk assessment can be more accurate if in vivo The bioaccessibility can not be derived due to the fact that contaminant can not be detected after PBET extraction due to their low levels in dorm dust. bioavailability was considered. However, very limited information about in vivo bioavailability of OPFRs and PAEs is available so far, and huge efforts are needed to collect more in vivo data in the future studies. On the other hand, the bioaccessibility data in the current study are very helpful, especially the risk assessment can be refined by use of the bioaccessible instead of total concentrations.
Conclusion
The concentrations and profiles of OPFRs and PAEs were investigated in indoor dust collected from four microenvironments (i.e., house, office, PMEs, and dorms) in one Chinese megacity, Nanjing. Bioaccessibility was 8.18e54.5% for OPFRs and 1.21e81.1% for PAEs, indicating that human health risk through dust ingestion may be overestimated if only looking into the total concentrations of OPFRs and PAEs. Based on the current study, exposure to OPFRs and PAEs via incidental dust ingestion does not pose an immediate health risk to the population who is working or living in the microenvironments. However, the total uptake needs to include other exposure pathways, such as diet, inhalation and dermal contact. Nevertheless, for all the exposure pathways, the bioaccessibility of the contaminants is essentially important for an accurate risk assessment.
